ABSTRACT
INTRODUCTION
T raditionally, skeletal class III malocclusion refers to a radiological entity essentially diagnosed via cephalometric measures, according to which it is classified as being of maxillar, mandibular, or mixed origin. 1 The prevalence of skeletal class III malocclusion varies widely from country to country, and in different regions and ethnic groups. Reported prevalence rates include 2.5% in Australia, 2 4 .3%
in southern Italy, 3 5.4% in Croatia, 4 5.8% in Colombia, 5 4.1% in south India, 6 4.0%-7.1% in Iran, 7 10 .3% in central Turkey, 8 and 31.4% in South Korea. 9 Currently, the diagnosis and classification of skeletal class III malocclusion is largely based on cephalometric measurements. However, it is well known that craniofacial morphology cannot be accurately determined solely via cephalometric measurements, and thus, conventional cephalometric approaches are inherently limited with respect to the evaluation of craniofacial form. 10 Moreover, cephalometric classification of class III malocclusion encompasses a wide range of heterogeneous morphological patterns and traits that are not precisely defined by the current simplistic definition of class III malocclusion. Changes in craniofacial growth occur in 3 dimensions; therefore, more accurate and quantitative information on the changes that occur during the development of skeletal and soft tissue structures is necessary.
An appropriately thorough understanding of class III malocclusion and its treatment requires the full characterization of the different class III malocclusion subtypes based on morphological features in different populations. Few studies investigating the existence of various subgroups of class III phenotypes have been published recently. [11] [12] [13] [14] [15] [16] [17] [18] It is likely that the skeletal morphology of the dentofacial complex is dependent on interaction between relevant genes and the environment, and this may in turn result in different class III malocclusion phenotypes. 19, 20 There is also substantial heterogeneity in the genes involved in the etiology of class III malocclusion, and it may be correlated with the ethnic origin of the population. 21, 22 Owing to this wide heterogeneity with regard to genotypes and environmental factors, the classification of class III malocclusion phenotypes is much broader than is currently accepted.
The primary aim of this systematic review was to investigate the efficiency of the clustering of skeletal class III malocclusion phenotypic subtypes. As a secondary objective, we aimed to determine whether quantitative differences in class III malocclusion subclusters derived from ethnic background were evident.
MATERIALS AND METHODS

Protocol Development and Registration
The systematic reviewing strategy was developed and structured in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses statement, 23 and with guidance from the Cochrane Collaboration 24 and the Centre for Reviews and Dissemination. 25 The protocol was registered in Prospero: CRD42016053865.
Sources of Information and Data Extraction
The databases explored included MEDLINE (searched via Pubmed), Embase (searched via Ovid HealthSTAR), SCO-PUS (www.scopus.com), Cochrane Library, ISI Web of Science, and Evidence-Based Medicine. Reviews comprising the Cochrane Central Register of Controlled Trials, the Cochrane Database of Systematic Reviews, and the Database of Abstracts of Reviews of Effects were also searched.
No restrictions to any language or year of publication were applied. Any articles published in a language unknown to the operator were translated and subsequently analyzed. We included all articles published up to March 1st 2018. The OpenGrey database facilitated by the European Association for Grey Literature Exploitation and Google Scholar were also searched for gray literature. Other sources and journals that were highly likely to contain studies relevant to the reviewed topic were searched manually up to the 15th of June 2018. A specific strategy was established using combinations of controlled MeSH terms and combinations set out for every database (Appendix I). In cases where additional information was required, authors of the relevant reports were personally contacted for further details pertaining to the aims of the current review.
Eligibility Criteria for Studies to Be Considered
Eligibility criteria were structured in accordance with the "PICOS" format: participants-children, adolescents, and adults without orthodontic treatment, absence of syndromic conditions or dentofacial trauma, previously diagnosed with skeletal class III malocclusion, and belonging to a single ethnic group; interventions-identification of different subgroups of skeletal class III malocclusion via cluster analysis; comparators/control-existing classical gold standard for classification as class III malocclusion; outcomes-(1) primary outcome: identify a subcluster analysis for classifying different subtypes of class III malocclusion and (2) secondary outcome: identify ethnicity-dependent differences in class III malocclusion; studies-any type of study design that addressed the classification of subclusters of class III malocclusion.
Descriptive studies, case reports, case series, opinion articles, reviews, animal studies, and in vitro studies were excluded.
Data Collection and Analysis
Study Selection
Two experienced reviewers (L.D.V. and A.I.L.) selected eligible studies by reviewing the list of titles and abstracts. The complete articles were obtained, and the same experienced operators (L.D.V. and A.I.L.) examined them independently to determine eligibility. Disagreement was checked by an independent reviewer (C.M.A.) and resolved through discussion. All reports excluded at this stage were formally recorded, as were the reasons for their exclusion ( Figure 1 ). Interobserver agreement value for the screening of complete articles was assessed via kappa score.
Data Collection Process
A standardized, prepiloted data extraction form was designed ( Table 1) . Data were extracted from eligible studies and recorded by the initial reviewer. Second and third examiners crosschecked the accuracy and validity of all the data obtained from the studies. In cases where missing details were identified within the reports included, the corresponding authors of those reports were contacted directly for clarification.
Quality Evaluation and Risk of Bias in Individual Studies
Two investigators (L.F and C.M) evaluated the quality of the methodology described in the studies included, and any discrepancies were resolved via discussion with an independent reviewer. The Newcastle-Ottawa scale (NOS) for cohort studies and a modification of the NOS for crosssectional studies were used for the assessment of the quality of individual studies. 26 The NOS includes 3 main categories: selection of the participants, comparability of the groups, and ascertainment of the outcome of interest (Appendix II) . 27 In addition, the Methodological Index for Non-Randomized Studies (MINORS) 28 was used to compare the quality of nonrandomized studies (Appendix III). Briefly, the following items were assessed: aim, inclusion of consecutive patients, prospective data collection, end points appropriate for the aim of the study, unbiased assessment of the study end point, follow-up period appropriate for the aim of the study, loss to followup less than 5%, prospective sample size calculation, adequate control group, contemporary groups, baseline equivalence of groups, and adequate statistical analysis. Every variable was scored from 0 to 2, whether the item was correctly fulfilled or not. A variable was scored 1, when the item was partially met.
Owing to the type of outcome variable defined in this review, risk of bias across studies (publication bias) could not be evaluated using statistical or graphic tests. However, an attempt to control this bias was carried out including studies published in all languages, extensively searching for grey literature, using multiple databases, and assessing individual characteristics of the included studies (financial conflict of interests, country, author's affiliation).
RESULTS
Search
The electronic search yielded 3491 articles and 192 additional records were identified through other sources. A total of 3683 records were screened, 2852 of which were excluded based on the title or abstract, and 788 were duplicates. Of the 42 articles that remained, 28 were discarded because they did not match the purpose of the investigation. We obtained a total of 14 articles. Seven were subsequently excluded, leaving a total of 7 to analyze. The main reasons for exclusion were different ethnicities in the same sample, lack of detailed description of the sample, and classification type not suitable for the purposes of the review (% overall agreement 0.889; fixed marginal kappa 0.766; free marginal kappa 0.778). The final selection included 7 studies that met all the criteria required. [12] [13] [14] [15] [16] [17] [18] A more detailed explanation of the selection and screening process is summarized in the Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram shown in Figure 1 .
Description of Studies
The main characteristics of the studies included are summarized in Table 1 . The articles were published between 2009 and 2016, and the sample sizes ranged from 106 15 to 514 patients. 14 The samples consisted of both male and female subjects in 5 of the 7 studies, [12] [13] [14] 16, 17 exclusively of female subjects in 1, 18 and in 1 sex was not reported. 15 The studies included patients with potential remaining growth (mean age range: 8.9-12.7 y), 13, 14, 18 postpubertal subjects without practically residual growth (mean age: 15.2 y), 16 Hong and Yi 15 identified 7 clusters and focused on differences detected in the posterior part of the cranial vault and craniocervical junction, and the close relationships between these and the direction of mandibular rotation. The largest cluster was C1 (20.8%), wherein the craniospinal area was larger than the craniofacial area, and therefore, the glenoid fossa was located anteriorly. The maxilla was slightly rotated toward the cranial-occlusal line, and the mandible was slightly prognathic but rotated posteroinferiorly. The second largest Reduced maxillary length. Cranial base: reduced anterior and posterior cranial base lengths and cranial base angle; maxilla: short and superiorly positioned; total face height: reduced; teeth: followed the skeletal morphology; soft tissues: followed the skeletal morphology. Cranial base: extended, angle between the anterior maxillary pillar (line CF1) and the anterior cranial base (line C3) is small, cervical vertebra is so extended that the craniocervical angle is the least of the 7 clusters; mandible: rotated postero-inferiorly, point Me is rather posteriorly located to the vertical reference line; L1: proclined. cluster was C2 (18.9%), which exhibited a ventrally inclined posterior cranial base and an anteriorly located glenoid fossa. The gonial angle of the jaw in this group was the largest of the 7 groups, and the ramal axis was tilted anteriorly. The smallest cluster, C7, had a prevalence of 8.5%. This cluster exhibited a posteroinferiorly rotated mandible, the Me-point was posterior to the vertical reference line, and the horizontal relationship between the maxilla and jaw was class III. Descriptions of the remaining clusters are shown in Table 1 .
SNA (
In the last study, reported by Li et al. in 2009, 16 a class III malocclusion sample of skeletal and dental origin was included. Of the 14 clusters defined, 4 were dental class III malocclusion (C4, C5, C10, and C11). The remaining 10 clusters exhibited skeletal class III malocclusion, the largest being C1 (19.5%) that exhibited skeletal class III malocclusion due to maxillary retrognathism or hypoplasia, and a normal mandibular plane. The second largest cluster was C3 (18.4%), which exhibited moderate class III malocclusion with a hyperplastic jaw and an increased mandibular plane. The smallest cluster, C12 (0.2%), exhibited severe malocclusion due to mandibular hyperplasia, an increased mandibular plane and a severe anterior crossbite. It should be noted that although the largest cluster exhibited class III malocclusion due to retrognathism/maxillary hypoplasia, in most clusters, the cause was the mandible (C2, C3, C6, C9, C12, C13, and C14). Five of the "skeletal" groups had an increased mandibular plane or a tendency toward it (C3, C7, C12, C13, and C14). Only 4 clusters had a normal (C1 and C9) or decreased (C2 and C6) mandibular plane.
Efficiency of Cluster Analysis for Class III Subclustering
Primary Outcomes
The subgroup classification of class III malocclusion was performed via cluster analysis, which may be hierarchical or nonhierarchical, and "fuzzy" clustering or K-means clustering. Differences were observed in the total number of clusters identified, ranging from 3 to 14. Li et al. 16 took skeletal and dental class III malocclusion clusters into account, whereas the others only focused on skeletal class III malocclusion.
The characteristics most commonly used to describe the clusters were the mandibular plane, maxillary deficiency and/or retrusion, and mandibular prognathism and/or hyperplasia. The mandibular plane played an important role in all the studies, despite the fact that the definition of the mandibular plane was not the same in all of them. Hong and Yi 15 used the mandibular plane defined by antegonial point (Ag) and menton point (Me), whereas most studies used the mandibular plane constructed using gonial (Go) and Me points.
Several of the articles analyzed described one of the cluster as "vertical class III," [12] [13] [14] 17, 18 describing the growth pattern together with the sagittal characteristics of each cluster ( Table 1) . Hong and Yi 15 also focused on the craniospinal area.
The total variation of the prevalence of each cluster was investigated and ranged from 0.2% to 36.0%. Only the clusters found in the 2009 study reported by Li et al. 16 presented prevalences of less than 8% (0.2% in 2 of the "clusters," C10 and C12; a single individual). A more detailed description of the studies in this respect is shown in Table 1 .
Secondary Outcomes
The secondary objective of the present study was to identify ethnicity-dependent differences in class III malocclusion. For this purpose, the cephalometric measurements described in Table 1 were compared. Only the measures included in this table were considered because they were used in most of the studies and therefore comparable between studies. Notably, the cephalometric measurements compared by Auconi et al. 14, 18 in their 2 studies were similar, but measurements reported in the second study 14 could not be included in the current review, because of the lack of cephalometric data grouping by cluster-those data were only grouped by age. Therefore, in this section, we have only considered their first study. 18 The cephalometric measurements of SNB angle were comparable in Auconi et al. 18 and Abu Alhaija and Richardson 13 for Caucasians and Li et al. 17 for Asians.
Cephalometric measurements derived from Asian subjects did not suggest lower than normal SNB values, while studies using Caucasian subjects yielded reduced SNB values, suggesting mandibular retrusion. The reduced SNB values in Caucasian samples corresponded with the vertical class III malocclusion groups. The vertical component apparent in these groups could explain the reduced SNB. In the Asian subjects, SNB ranged from 83.08 6 3.12 in C2 to 85.1 6 4.38 in C4. Therefore, they reliably exhibited a greater tendency toward mandibular protrusion than the Caucasian subjects, in which SNB was below the norm in some clusters.
Wits appraisal was negative in all the clusters of the studies included. The most severe cases (lowest Wits appraisal values) were found in the study by Abu Alhaija and Richardson 13 However, they did not use the functional occlusal plane. They calculated the Wits appraisal using a maxillary/mandibular plane angle bisector, resulting in an unreliable Wits value. In one of the studies reported by Auconi et al., 18 the Wits values ranged from 26. it ranged from 75.3 6 2.4 to 81.5 6 3.1. In both studies, the cluster that exhibited a low SNA also showed a low SNB. Therefore, class III malocclusion was more frequently associated with retrusion of both jaws in Caucasians.
ANB was examined in the 7 studies analyzed in the current review, and it was lower than normal. This was expected because an inclusion criterion for the studies was an ANB # 0. Class III malocclusion most exceeding the norm was apparent in the Asian sample in the study reported by Li et al. in 2016. 17 Nasion-Menton distance in Caucasian 13, 18 and Asian 17 samples was also compared. This cephalometric measurement variably ranged from 114 6 5.7 to 119 6 6.3 18 and 109 6 6.6 to 128 6 5. The incisor mandibular plane angle was compared in 5 studies, 3 comprising Caucasians 13,14,18 and 2 comprising Asians. 15, 17 Asian samples showed a lower incisor mandibular plane angle than Caucasians. In all the clusters, it appeared retruded, except for C3 in Hong and Yi. 15 However, this study constructed the mandibular plane using point Ag and Me instead of Go and Me. It was also the study where clusters appeared to be associated with a more retruded lower incisor. This difference might be due to the fact that the sample selected by Hong and Yi 15 comprised class III patients referred for surgicalorthodontic correction.
Overbite and overjet were compared in the same 5 studies mentioned previously. [13] [14] [15] 17, 18 Overjet was negative in all,
as it was an inclusion criterion (overjet # 0). Overbite in the Caucasian sample was positive in all the clusters. The clusters with the smallest overbite corresponded with most vertical clusters. The sample in Hong and Yi 15 included the most negative cases of overbite and overjet, but this sample consisted of patients referred for orthodontic-surgical treatment.
Quality Evaluation and Risk of Bias Assessment
Evaluations of the quality of all the studies included in the final analysis are provided in Appendices II and III. According to the NOS, 26 5 of the 7 articles were of high quality and were rated 5 stars. [12] [13] [14] 17, 18 The other 2 studies 15, 16 were rated 4 stars. In assessments performed using the MINORS, 28 4 articles attained a total score of 8 points 12,15-17 and the remaining 3 attained a score of 10 points. 13, 14, 18 None of the studies that fully met the criteria for final inclusion described a previous calculation of sample size or concerns about inadequate statistical power (,80%). Only one of the studies validated their models against an independent semi-longitudinal sample 18 ( Table 2) .
DISCUSSION
The number of class III subclusters found within the studies included in the present systematic review ranged from 3 13,14,18 to 14. 16 This substantial difference arose from intrinsic differences in the samples such as ethnic background, sample size, and severity of malocclusion within the sample, but it was mainly derived from subjective decisions made by the researchers with regard to differentiating between patients for the purposes of assigning them to different groups. [12] [13] [14] [15] [16] [17] [18] Subclustering implies a subjective/customized grouping based on guaranteeing clinically significant groups of class III malocclusion and at the same time detecting statistically significant differences between the clusters. 12, 15 The validity of grouping via cluster analysis continues to increase steadily in the medical field. 29 Owing to this, there is a growing ambition to develop more effective methods of subclassification [29] [30] [31] as it would be preferable if there were objective measures that indicated a "most appropriate," or even correct, number of dimensions and groups in various contexts. 31 Studies describing up to 14 subclusters, 16 including "subclusters" that comprised a single patient, have been reported. This type of grouping, despite extremely precise characterization may not be of practical use to identify the most common phenotypes associated with class III malocclusion. Conversely, other studies have described 3 subclusters, 13, 14, 18 which could be considered relatively simplistic with regard to achieving a more complete and thorough classification of skeletal class III malocclusion. The other studies included in this review described groups of 4, 17 Several studies 14, 33, 34 have emphasized the critical importance of identifying specific class III subclusters in the context of the predictability of success of orthopedic treatment. In 2017, Choi et al. 33 reported a study investigating whether the success rate of orthopedic treatment for skeletal class III malocclusion during the growth period was similar when estimated based on different patient characteristics and different success criteria. They compared their study results with those of 4 other studies that investigated treatment predictions in skeletal class III malocclusion patients and concluded that the predictability of models for orthopedic class III malocclusion treatment was affected by patient characteristics. They reported that hyperdivergent cases with a tendency toward an open bite had a higher risk of failure to achieve successful orthopedic treatment. They also concluded that success rates may differ significantly according to the method and timing of the evaluation of the results, the characteristics of the patient, and the treatment modality used. Similarly, in their 2015 report, Auconi et al. 14 reached identical conclusions after analyzing "hyperdivergent" and "hypermandibular" cases. In addition, Wendl et al. 34 performed a retrospective analysis of 38 skeletal class III malocclusion patients treated with chin cup, analyzing pretreatment, immediate post-treatment, and 25-year post-treatment data. They found a higher failure rate in patients with vertical and horizontal growth between pretreatment and posttreatment records, and a higher relapse, mainly in patients with predominantly horizontal growth. Moreover, they reported that the skeletal class III malocclusion patients they allocated to a subcluster that presented with a combination of mandibular prognathism and maxillary retrognathism tended to account for the greatest number of failures. Given the heterogeneity between studies and the critical influence of patient characteristics in the prediction of treatment and the patient's response to treatment, there is an urgent need to devise a way in which to classify class III skeletal malocclusion patients more precisely.
Accurate classification of class III skeletal malocclusions is the most important consideration to improve actual reports and treatment/retention protocols in experimental research investigating this type of malocclusion. Future studies of treatment and prognostic prediction should incorporate the reporting of results of treatment for various class III malocclusion subclusters, in terms of whether early orthopedic treatment can be successfully performed or if it would be more convenient to postpone the treatment until growth has finished, because it is known that unduly early treatment will fail in this specific class III malocclusion subphenotype. 14, 33, 34 As ongoing skeletal growth, it is important to consider gender-related differences in terms of craniofacial morphology and associated potential differences in subphenotype classification. [35] [36] [37] This is particularly relevant regarding the aforementioned "cluster" that actually consisted of just 1 subject 18 (female), while a mixed male/ female combination is described in the rest of the studies included in the present systematic review, with the exception of one of the studies where the gender distribution of the sample was not reported. 15 It should be considered that, as is the case for cephalometric variables, it appears likely that differences might require distinguishing between the sexes to devise more accurate parameters for defining class III malocclusion subclusters. [35] [36] [37] Despite evidence that male/female differences exist, [35] [36] [37] the studies reviewed in the current investigation did not seem to consider such differences when formulating subclusters.
As sex-related differences, age-related differences may also contribute to variation in terms of the means and standard deviations of both linear and proportional measurements, thus affecting subcluster definitions. Referring to the samples in the reports investigated in the current review, 2 studies 12, 17 included female subjects aged 16 years and male subjects aged 18 years, while a third study 15 included subjects aged 16 years and above without reporting their sex. The inclusion of female and male subjects, respectively, aged 16 and 18 years may have been due to the perceived absence or near absence of ongoing growth. This is a controversial matter, as it has been established that facial morphology changes during growth, 35, 36 and morphological changes have even been observed in young adults. Significant dental, skeletal, and soft tissue changes in a representative sample of young adults aged between 18 and 22 years have been described. 36 Despite this, such morphological changes are not as representative as those that occur during childhood. It is well understood that the facial skeletal pattern is completed or at least much more stable after growth is finished or while there is only a negligible degree of growth and that the amounts of skeletal, dental, dentoalveolar, and soft tissue changes that occur are very small, although statistically significant. 36 Nevertheless, the strict inclusion of only subjects without growth should provide a more accurate classification of existing phenotypes in the adult population. Based on this premise, class III subcluster classification should potentially be correlated with bone maturation stages rather than with age because there are large individual variations in bone maturation and this should be taken into account when treating patients. 38 In class III malocclusion, a crucial factor that is potentially even more influential than sex or remaining growth in phenotypic terms is ethnic background. All the studies included in the present systematic review used samples of a single ethnicity. It is widely accepted that there are specific differences in craniofacial morphology associated with ethnic background, 37, 39 and even within the same broad ethnic group, there may be significant regional variations. 37 In current times, globalization has enhanced multiethnic mixtures and multigenetic crossovers within different ethnicities. However, some facial features are highly conserved in an ethnicity-dependent manner.
Inherent ethnic characteristics may account for some of the differences observed in the subclustering defined between the studies examined in the current review. [12] [13] [14] [15] [16] [17] [18] Considering the studies that contained Asian samples, it should be mentioned that skeletal class III malocclusion occurred more frequently and tended to be of mandibular origin with a vertical component (as explained in the characteristics of the studies). However, it is notable that in each of the different populations studied, the largest cluster varied. In Li et al. 's 16 2009 study, the largest cluster exhibited skeletal class III malocclusion due to retrognathism or maxillary hypoplasia with a normal mandibular plane. In another of the Asian sample studies, a cluster exhibiting a slightly rotated maxilla with respect to the cranial-occlusal line and a slightly prognathic mandible that was rotated posteroinferiorly was the largest. 15 40, 41 have identified associations between mandibular prognathism in skeletal class III malocclusion and different polymorphisms in MYO1H (rs10850110), GHR (rs2973015), and FGF10 (rs593307, locus 5p13-12) associated with horizontal and vertical maxillomandibular discrepancies in Caucasians. 40 Variations at FGF/FGFR related to both mandibular prognathism and to vertical discrepancies have also been identified in Chinese subjects. 41 This type of research has defined different skeletal class III malocclusion subclusters influenced by specific genetic variants, demonstrating the need for suitable class III malocclusion subclassification.
Identifying differences clearly and accurately via subcluster analysis in different ethnic populations should facilitate future interpopulation comparisons and a better understanding of the interracial differences in class III malocclusions, and associated parameters pertaining to treatment modalities and protocols.
42,43
Concluding Remarks and Implications for Future Research
Classification of skeletal class III malocclusion is developing toward a more thorough and complete classification depending on the existing phenotypic differences, largely due to cluster and subcluster analysis. In the current investigation, the total number of clusters identified varied depending on the study. The final determination of the total number of clusters is relatively subjective because it depends on the authors' diagnostic criteria. The number ranged from 3 to 14 in the studies reviewed in the current investigation. Although each extreme may respectively be too simple or complex to facilitate an exhaustive but at the time useful classification for clinical use, a classification system including 4 to 7 clusters may prove to be efficient for clinical use in conjunction with complete and meticulous subgrouping, as summing up in Table 3 .
The secondary objective of the current investigation was achieved in which ethnicity-dependent differences were identified, although systematic review did not enable any detailed conclusions in this regard due to heterogeneity in the types of measurements used in the studies included. It was clearly determined that both ethnic groups had different phenotypic characteristics that could lead to different types of classifications. Therefore, future research should continue to focus on identifying subgroups of specific phenotypes in different ethnic groups, and both men and women should be represented in study samples. A detailed subclustering classification system may constitute an additional step toward more customized and precise orthodontic/orthopedic diagnosis and treatment of skeletal class III malocclusion, and perhaps even a step toward the identification of genes and genetic crosstalk pathways that are involved in the phenotypic characteristics of each cluster.
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